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Abstract: Human malignant melanoma and other solid cancers are largely driven by the inactivation
of tumor suppressor genes and angiogenesis. Conventional treatments for cancer (surgery, radi-
ation therapy, and chemotherapy) are employed as first-line treatments for solid cancers but are
often ineffective as monotherapies due to resistance and toxicity. Thus, targeted therapies, such
as bevacizumab, which targets vascular endothelial growth factor, have been approved by the US
Food and Drug Administration (FDA) as angiogenesis inhibitors. The downregulation of the tumor
suppressor, phosphatase tensin homolog (PTEN), occurs in 30–40% of human malignant melanomas,
thereby elucidating the importance of the upregulation of PTEN activity. Phosphatase tensin homolog
(PTEN) is modulated at the transcriptional, translational, and post-translational levels and regulates
key signaling pathways such as the phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt) and
mitogen-activated protein kinase (MAPK) pathways, which also drive angiogenesis. This review
discusses the inhibition of angiogenesis through the upregulation of PTEN and the inhibition of
hypoxia-inducible factor 1 alpha (HIF-1-α) in human malignant melanoma, as no targeted therapies
have been approved by the FDA for the inhibition of angiogenesis in human malignant melanoma.
The emergence of nanocarrier formulations to enhance the pharmacokinetic profile of phytochemicals
that upregulate PTEN activity and improve the upregulation of PTEN has also been discussed.

Keywords: cancer; melanoma; angiogenesis; vascular endothelial growth factor; phosphatase tensin
homolog; nanocarrier formulations

1. Introduction

Cancer is one of the leading causes of death worldwide, relative to strokes and coro-
nary heart disease. An estimated 19.3 million new cancer cases and 10 million new cancer
deaths were recorded in 2020. Furthermore, the global cancer burden has been predicted
to increase by 47% from 2020 to 2040, highlighting the significance of developing new
therapeutics in addition to the existing therapeutics to treat cancer [1]. Melanoma is
the most lethal form of skin cancer and accounts for the majority of skin cancer-related
deaths [2]. Melanoma can be classified as cutaneous melanoma, acral melanoma, mu-
cosal melanoma, and uveal melanoma, which is dependent on where the melanoma arises
from [3]. Cutaneous melanoma is the most common form of melanoma, with various
subtypes such as superficial spreading melanoma (SSM), nodular melanoma (NM), lentigo
maligna melanoma (LMM), amelanotic melanoma (AM), and acral lentiginous melanoma
(ALM) [4]. Superficial spreading melanoma is regarded as the most common subtype,
accounting for 70% of cases, and the BRAFV600E mutation is present in 66% of SSM in
comparison to other subtypes [2,5]. Melanoma is predominantly driven by the dereg-
ulation of two key signaling pathways: the mitogen-activated protein kinase (MAPK)
and the Phosphatidylinositol-3-kinase (PI3K) pathway [6]. The main driver mutation in
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melanoma is BRAFV600E, and the downregulation of phosphatase tensin homolog (PTEN)
leads to deregulation of key signaling pathways that also lead to enhanced expression of
anti-apoptotic proteins [6–9]. The traditional treatment modalities for cancer are surgery,
chemotherapy, radiation therapy, and surgery followed by radiation therapy, which is effec-
tive for benign tumors or early-stage cancer; however, for certain solid cancers, targeted
therapies and immunotherapies have proven to be more effective [10]. Several targeted
angiogenesis inhibitors, approved by the US Food and Drug Administration (FDA), have
been developed, such as Bevacizumab (a monoclonal antibody that targets vascular en-
dothelial growth factor (VEGF), which has proven to be effective for the treatment of solid
cancers such as metastatic colorectal cancer [11]. The phosphatase tensin homolog (PTEN)
tumor suppressor is a key regulator of angiogenesis through hypoxia-inducible factor
alpha (HIF-1-α) [12–15]. Thus, the upregulation of PTEN activity may be effective for
treating solid cancers driven by angiogenesis and PTEN mutations [16]. Furthermore, to
improve the bioavailability of phytochemicals that upregulate PTEN activity, nanotech-
nology has come to the fore with the development of nanomedicines, which are effective
drug delivery systems [17]. Certain nanocarrier formulations have been approved by the
FDA for the treatment of various cancers [18]. The review highlights the inhibition of
angiogenesis through the upregulation of PTEN in human malignant melanoma, as no
targeted therapeutics have been approved by the FDA as angiogenesis inhibitors for human
malignant melanoma. The upregulation of PTEN activity using phytochemicals and the
use of nanocarrier formulations to improve the pharmacokinetic profile and percentage
upregulation of PTEN by some phytochemicals were also discussed.

2. The Tumor Suppressor Phosphatase Tensin Homolog (PTEN)

The PTEN gene is located on the human chromosome at 10q23.3 and comprises a
phosphatidylinositol 4,5-bisphosphate (PIP2) binding site at the N-terminus, a phosphatase
domain, a C2 domain, and a PDZ binding motif at the C-terminus (Figure 1) [19]. Phos-
phatase tensin homolog (PTEN) serves as a dual phosphatase on lipids and proteins, and its
lipid phosphatase functionality regulates the phosphatidylinositol-3- kinase (PI3K)/protein
kinase B (Akt)/mechanistic target of the rapamycin (mTOR) pathway. The regulation of
the PI3K pathway occurs through the dephosphorylation of phosphatidylinositol 3,4,5-
triphosphate (PIP3) to PIP2. The dephosphorylation of PIP3 ensures that downstream
kinases such as phosphatidylinositol-dependent kinase 1 (PDK1) and Akt are not activated,
as Akt leads to the constitutive activation of the cell cycle through the inactivation of
inhibitor proteins, such as cyclin-dependent kinase inhibitor 1 (p21cip1) [20], the expression
of anti-apoptotic proteins, angiogenesis, enhanced metabolism, and migration [21]. Germ-
line mutations that affect the phosphatase domain of the PTEN gene can lead to diseases
such as Cowden syndrome, Bannayan–Riley–Ruvalcaba syndrome, Proteus syndrome,
and Proteus-like syndrome (PTEN Hamartoma syndromes) that predispose individuals to
cancer [22]. Alterations in the PTEN gene have also accounted for thyroid, liver, glioblas-
toma, breast, melanoma, prostate, and lung cancers [23]. In metastatic melanoma, PTEN
mutations display a mutation rate of 30–40% and 10% in primary melanomas, highlighting
the significant role of PTEN mutations in the development of metastatic melanoma [24].
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3. Transcriptional, Epigenetic, and Post-Translational Modifications of PTEN

Phosphatase tensin homolog (PTEN) expression can be regulated at the transcriptional
level and through epigenetic mechanisms such as methylation and acetylation. There
are several transcription factor binding sites at the PTEN promoter, and the binding of
transcription factors either activates or represses PTEN activity. Transcription factors
such as p53 and peroxisome proliferator activated receptor (PPAR)-γ activate PTEN tran-
scription, whereas zinc finger protein (SNAI1 or SNAIL), the inhibitor of DNA-binding
protein ID1, inhibits PTEN transcription. PTEN activity can also be regulated by vari-
ous post-translational modifications, i.e., interaction of microRNA-25 (miR25) with PTEN,
ubiquitylation, phosphorylation, oxidation, S-nitrosylation, acetylation, and sumoylation,
resulting in the inhibition of PTEN lipid phosphatase activity and leading to the constitu-
tive activation of the PI3K/Akt/mTOR pathway [25]. DNA methylation and acetylation
are predominant epigenetic modifications of the PTEN gene, and DNA methylation is
a well-known mechanism of gene silencing by inhibiting transcription. The process of
DNA methylation involves the modification of DNA-by-DNA methyltransferases (DNMT),
which covalently link methyl groups from S-adenosyl-L- methionine (SAM) to cytosine in
CpG islands. Areas of the gene, such as promoters and repeated elements, harbor CpG
islands. Erroneous DNA methylation can interfere with the lipid phosphatase activity of
PTEN, subsequently affecting the cell cycle, cell proliferation, angiogenesis, and apopto-
sis [26]. To confirm the role of hypermethylation in the downregulation of PTEN activity,
positional methylation of CpG-3 within the promoter of the PTEN gene in metastatic
melanoma and primary melanoma cells (harboring wildtype PTEN) was conducted. The
normal human melanocytes (NHM) and human malignant melanoma cell line (A375)
displayed methylation rates lower than 10%, whereas melanoma cell lines harboring a
PTEN mutation (SKMEL28 and MV3) displayed high methylation rates of between 58%
and 91%. Furthermore, the MV3 cells were treated with 3 and 10 µmol/L of 5-azacytidine
(a demethylating agent) for 4 days, and western blotting was conducted to determine
whether the downstream kinase Akt would be inhibited. The substrate of Akt, GSK3,
displayed reduced phosphorylation, confirming that methylation does indeed regulate
PTEN activity [27].

Ubiquitylation is a post-translational modification that alters PTEN activity, and
in melanoma, the neural precursor cell expressed by the developmentally downregu-
lated gene 4-1 (NEDD4-1) E3 ligase forms a covalent bond with lysine11 and lysine48 of
the PTEN promoter, resulting in the inactivation of PTEN activity through proteasomal
degradation [28]. Furthermore, phosphorylation of amino acids, threonine366, serine370,
threonine382, threonine383, and serine385, in the C-terminal region of the PTEN gene results
in a more closed and stable conformation that reduces the association of PTEN with mem-
brane phospholipids such as PIP3 [29]. An increase in reactive oxygen species can lead to
the oxidation of the active cysteine124 site, leading to the formation of an intramolecular
disulfide bond with cysteine71, thereby repressing the lipid phosphatase activity of PTEN.
However, the physical interaction of PTEN and peroxiredoxin-1 prevents the formation of
a disulfide bond [30]. In addition, S-nitrosylation is triggered by an increase in nitric oxide
(NO), leading to the suppression of PTEN activity and the sumoylation of PTEN at lysine266

in the C2 domain [31]. This enhances affinity to the plasma membrane, thereby enhancing
the localization of PTEN, which in turn leads to the suppression of PI3K-Akt signaling [32].
Lastly, in response to growth factor stimulation, histone acetyltransferase (PCAF) interacts
with PTEN and triggers acetylation at lysine125 and lysine128 in the phosphatase domain of
PTEN, resulting in the inactivation of PTEN activity [33].

4. What Is Angiogenesis?

Angiogenesis is the formation of new vessels from pre-existing blood or lymphatic
vasculature and is a physiological process often activated for embryogenesis, wound
healing, and during the menstrual cycle [34]. Although the balance between pro- and
anti-angiogenic factors is tightly regulated, this balance can be offset, resulting in what



Molecules 2024, 29, 721 4 of 19

is termed the angiogenic switch [35]. The angiogenic switch occurs due to rapid cellu-
lar division during tumor growth, which increases oxygen demand, leading to localized
hypoxia in the tumor microenvironment and resulting in the secretion of pro-angiogenic
factors [36] (Table 1). This pro-angiogenic environment enables cancer cells to metastasize
to distant sites, resulting in enhanced malignancy [37]. Melanoma, in the vertical growth
phase, makes use of angiogenesis to metastasize to distant sites, thereby enhancing the
aggressiveness of melanoma. However, under normal and tightly regulated physiological
conditions, tumors would typically only grow from 1–2 mm3 without the supply of nutri-
ents and oxygen, but in a pro-angiogenic environment, the tumor can grow beyond the
1–2 mm3 threshold [38] (Figure 2).

Table 1. Pro-angiogenic and anti-angiogenic factors of melanoma.

Pro-Angiogenic Factors Function Reference

Chemokines (CXCL)-1, -2, -3,
-5, -6, -7, -8

Chemokines are structurally related cytokines that play a crucial role in
inflammation, immunity, and angiogenesis. CC and CXCL chemokines both play
an integral role in tumor angiogenesis, which is required for sustained tumor
proliferation. The CXCL chemokines, identified by the presence of the
glutamic-leucine-arginine (ELR) motif at the N-terminal, can be divided into ELR+
chemokines that promote angiogenesis and ELR− chemokines that suppress
angiogenesis or have angiostatic effects.

[31]

Vascular endothelial growth
factor (VEGF)-A, -B, -C, -D, E
and placenta growth factor
(PlGF)-1 and -2

The VEGF gene secretes six glycoproteins, namely: VEGF-A, -B, -C, -D, -E, and
placenta growth factor (PlGF)-1 and -2. The predominant glycoprotein associated
with tumor angiogenesis is VEGF-A, which can give rise to five isoforms through
mRNA alternative splicing, namely VEGF111, VEGF121, VEGF165, VEGF189, and
VEGF206. The predominant isoform, VEGF165, is overexpressed by several
malignant tumors, such as malignant melanoma, and the expression of isoforms is
tissue-specific; thus, these isoforms play pertinent roles in vasculogenesis and
tumor angiogenesis. The binding of the glycoprotein VEGF-A to its receptor,
VEGFR1, triggers the activation of several signaling pathways that ensure
sustained endothelial cell survival, mitogenesis, migration, differentiation,
vascular permeability, and recruitment of endothelial progenitor cells from the
bone marrow to the tumor vasculature.

[31]

Basic fibroblast growth factor
(bFGF)

Stimulates angiogenesis in melanoma through the upregulation of VEGF and
matrix metalloproteinase (MMP) expression and promotes endothelial cell
proliferation and migration.

[31,32]

HIF-1, -2, -3

The predominant expression of hypoxia-inducible factors (HIFs) occurs due to the
stabilization of hypoxia when tumors outgrow their vascular network.
Furthermore, stabilization of hypoxia leads to the transcription of genes that
promote enhanced angiogenesis, energy metabolism, cell survival, radiation
resistance, invasion, and metastasis.

[31,32]

Platelet-derived growth factor
(PDGF)-A,
-B, -C, -D

Plays a role in the autocrine stimulation of cancer as it directly stimulates the
growth of cancer cells. Additionally, it plays a role in the paracrine stimulation of
cancer as it indirectly stimulates carcinogenesis through the stimulation of
angiogenesis.

[31]

Transforming growth factor
beta (TGF-β)-1, -2, -3

Transforming growth factor beta (TGF-β) is a cytokine involved in the promotion
of carcinogenesis through various hallmarks of cancer, such as the evasion of
apoptosis and stimulation of angiogenesis. The TGF-β family comprises three
isoforms: TGF-β-1, -2 and -3, where TGF-β-1 is the predominant isoform linked to
the stimulation of VEGF, which in turn directly stimulates angiogenesis
in melanoma.

[31]

Interleukin-8 (IL-8)
Tumor-derived IL-8 promotes angiogenesis, tumor proliferation, and migration in
melanoma. Similarly, IL-8 derived from endothelial cells promotes the migration
of tumor cells.

[31,32]
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Table 1. Cont.

Pro-Angiogenic Factors Function Reference

Matrix metalloproteinases
(MMP-2, -3, -7, -9 and -14)

Proteases are involved in bone resorption, wound healing, and angiogenesis. The
MMPs produced by tumor cells facilitate angiogenesis, tumor growth, and
metastasis. MMP-2 and MMP-9 are the main drivers of angiogenesis in melanoma
through the degradation of the extracellular matrix (ECM) and the activation
of VEGF and TGF-β.

[31,32]

Antiangiogenic factors Function Reference

Angiostatin

Angiostatin formation occurs through the proteolytic digestion of plasminogen.
Angiostatin selectively inhibits endothelial cell proliferation after administration
of serum/urine from tumor-bearing mice. Furthermore, in human prostate
carcinoma cells (PC-3), the release of urokinase (uPA) and free sulfhydryl donors
(FSDs) generates angiostatin from plasminogen, and non-cell-derived angiostatin
suppresses angiogenesis in vitro and in vivo, highlighting the potential use of
recombinant angiostatin as an anti-angiogenic therapeutic/drug.

[31–33]

Endostatin

The cleavage of collagen XVIII, an important component of the basement
membrane in the extracellular matrix, results in the formation of a 20 kda
C—terminal fragment, which possesses anti-angiogenic activity. The
anti-angiogenic activity is elicited by inhibiting proliferation, migration, and
enhancing apoptosis in endothelial cells. Endostatin also suppresses angiogenesis
through the competitive inhibition of VEGFR1 and VEGFR2, thereby enhancing
the production of thrombospondin-1, which in turn suppresses angiogenesis.

[31,32]

Thrombospondin (TSP)-1

Thrombospondins are a family of extracellular matrix (ECM) proteins,
predominantly found in embryonic and adult tissues, consisting of five members:
TSP1, TSP2, TSP3, TSP4, and TSP5. Thrombospondin-1 has been identified as an
endogenous inhibitor of angiogenesis through the inhibition of endothelial cell
migration, proliferation, and induction of apoptosis in endothelial cells.
Thrombospondin-1 also elicits anti-angiogenic activity through the inhibition of
VEGFR2 through the ligation of its receptor (CD47).

[31,32]
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5. FDA-Approved Drugs for the Treatment of Angiogenesis

The tumor microenvironment is skewed towards a more pro-angiogenic environment
where VEGF is secreted by cancer cells and subsequently binds to vascular endothelial
growth factor receptor-1 or -2 (VEGFR-1 or -2), thereby enabling the proliferation and
maturation of endothelial cells. The integrins and proteins that enable the movement of
endothelial cells are also activated, resulting in the migration of endothelial cells to cancer
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cells, thereby enabling the formation of blood vessels that supply tumors with oxygen and
nutrients. Various drugs have been approved by the FDA that either target VEGF directly,
target VEGFR, or other receptors that stimulate angiogenesis (Table 2).

Table 2. Anti-angiogenic drugs approved by the FDA for various cancers.

Therapy Mechanism Side-Effects Cancer References

Axitinib
(Inlyta)

Selectively inhibits in vitro
VEGFR-1, -2 and -3 at
sub-nanomolar concentrations. In
in vivo pre-clinical models, it
demonstrated anti-angiogenic
activity through the modulation of
VEGFR-1, -2 and -3.

Hypertension, diarrhoea, nausea,
hand-foot syndrome, fatigue,
and hypothyroidism

Advanced Renal
cell carcinoma [39–41]

Bevacizumab
(Avastin®)

Monoclonal antibody that
neutralizes circulating VEGF such
that VEGF cannot bind the
tyrosine kinase receptors
(VEGFR-1, -2 and -3). This results
in the lowering of interstitial
pressure, thereby increasing in
vascular permeability and
enhancing the delivery of
chemotherapeutic agents.

Hypertension, proteinuria,
epistaxis, thrombosis, and
gastrointestinal bleeding

Metastatic colorectal
cancer [42–44]

Cabozantinib
(Cometriq®)

A small molecule inhibitor that
inhibits multiple tyrosine kinase
receptors implicated in the
pathogenesis of medullary thyroid
cancer i.e., RET, MET and
VEGFR-2

Gastrointestinal perforation,
hemorrhage, hypertension, and
venous thrombosis

Progressive,
unresectable locally
advanced or metastatic
medullary thyroid
cancer

[45,46]

Everolimus
(Afinitor®)

Inhibits mTORC2 linked to the
PI3K and VEGF pathway. It is
used concurrently with drugs such
as sorafenib and sunitinib that
inhibit angiogenesis

Stomatitis, Asthenia, fatigue,
rash, diarrhea, nausea, mucosal
inflammation, oedema
peripheral, infections, dyspnea,
pneumonitis, anemia,
lymphopenia,
thrombocytopenia,
hypercholesterolemia,
hypertriglyceridemia,
hyperglycemia, and elevated
creatinine

Clear cell metastatic
renal cell cancer [47–49]

Lenalidomide
(Revlimid®)

Inhibits angiogenesis through the
inhibition of pertinent angiogenic
factors i.e., VEGF, bFGF and HIF.
Lenalidomide also inhibits
endothelial cell migration,
adhesion, capillary tube formation
and endothelial cell apoptosis in
3D collagen cultures.

Neutropenia, thrombocytopenia,
anemia, infections, and
thrombosis

Multiple myeloma [16,50–52]

Lenvatinib
mesylate
(Lenvima®)

Inhibits angiogenesis through the
inhibition of multiple tyrosine
kinase receptors, namely
VEGFR1-3, FGFR1-4, RET, c-KIT,
and PDGFRβ.

Hypertension, diarrhea, fatigue
or asthenia, appetite loss, weight
loss and nausea

Progressiveradioiodine-
refractory
differentiated thyroid
cancer

[53,54]
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Table 2. Cont.

Therapy Mechanism Side-Effects Cancer References

Pazopanib
(Votrient®)

Anti-angiogenic activity through
the inhibition of VEGFR1-3 and
PDGFR-α28 and PDGFR-β on
endothelial cells. Inhibition of
tyrosine kinase receptors results in
the inhibition of pathways that
promote cell proliferation, cell
survival, vascular permeability,
and cell migration.

Diarrhea, hypertension, and
elevation of liver enzymes

Metastatic renal cell
carcinoma [55,56]

Ramucirumab
(Cyramza®)

Anti-angiogenic activity through
the inhibition of VEGFR-2 on
endothelial cells. The inhibition of
VEGFR-2 enables the inhibition of
signaling pathways in endothelial
cells that promote cell
proliferation, cell survival,
increased vascular permeability
and differentiation.

Fatigue, abdominal pain,
appetite loss, vomiting,
constipation, anemia, dysphagia,
hypertension, hemorrhage,
arterial thromboembolism,
venous thromboembolism,
proteinuria, gastrointestinal
perforation, fistula formation,
infusion-related reaction, and
cardiac failure

Advanced gastric
cancer or
gastro-esophageal
junction
adenocarcinoma

[57,58]

Regorafenib
(Stivarga®)

Orally active, diphenylurea
multikinase inhibitor of
VEGFR1-3, c-KIT, TIE-2, PDGFR-β,
FGFR-1, RET, RAF-1, BRAF and
p38 MAP kinase. The inhibition of
several tyrosine kinase receptors
leads to the inhibition of
angiogenesis and oncogenesis

Hand-foot skin reaction, rash,
desquamation, alopecia, fatigue,
hypertension, mucotitis,
diarrhea, and thyroid
dysfunction

Metastatic colorectal
cancer [59,60]

Sorafenib
(Nexavar®)

Inhibits angiogenesis and
oncogenesis through the inhibition
of the following tyrosine kinase
receptors, i.e., RAF kinase, PDGF,
VEGFR 2-3, and c-KIT

Reversible skin rashes, hand-foot
skin reaction, diarrhea,
hypertension, and sensory
neuropathic changes

Advanced renal cell
carcinoma [61,62]

Sunitinib
(Sutent®)

Exhibits anti-tumor and
anti-angiogenic effects through the
inhibition of several kinases
namely, PDGFR-α, PDGFR-β,
VEGFR1-3, KIT, FLT3, CSF-1R, and
RET

Left ventricle dysfunction,
hemorrhagic events,
hypertension, fatigue, diarrhea,
mucositis/stomatitis, vomiting,
abdominal pain, constipation,
nausea, anorexia, altered taste,
headache, dyspnea, cough, skin
discoloration, rash, hand-foot
syndrome, arthralgia, back-pain,
and myalgia

Gastrointestinal
stromal tumor and
metastatic renal cell
carcinoma

[63,64]

Vandetanib
(Caprelsa®)

Antagonist of VEGFR-2, EGFR,
and RET kinase resulting in
antiangiogenic and antineoplastic
activity

Diarrhea/colitis, rash, dermatitis
acneiform/acne, nausea,
hypertension, hypertensive
crisis, accelerated hypertension,
headache, fatigue, appetite loss,
abdominal pain, dry skin,
vomiting, asthenia, ECG QT
prolonged, photosensitivity
radiation, insomnia,
nasopharyngitis, dyspepsia,
hypocalcemia, cough, pruritus,
weight loss, proteinuria, and
depression

Medullary thyroid
cancer [65,66]
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Table 2. Cont.

Therapy Mechanism Side-Effects Cancer References

Ziv-
aflibercept
(Zaltrap®)

A recombinant protein that
comprises of the extracellular
domains from both VEGFR-1 and
VEGFR-2 fused to the fc (a) region
of human IgG1. Ziv-aflibercept is a
pseudo receptor that binds
VEGFA, VEGFB, and PlGF
resulting in the inhibition of
angiogenesis

Urinary tract infection,
leukopenia, neutropenia,
thrombocytopenia, appetite loss,
dehydration, headache,
hypertension, epistaxis,
dysphonia, dyspnea,
oropharyngeal pain, rhinorrhea,
diarrhea, stomatitis, abdominal
pain, hemorrhoids, rectal
hemorrhage, proctalgia,
palmer-plantar
erythrodysesthesia syndrome,
skin hyperpigmentation,
proteinuria, serum creatinine
increased, fatigue, asthenia, AST
increased, ALT increased, and
weight loss

Metastatic colorectal
cancer [67,68]

6. The Link between PTEN and Angiogenesis

The tumor vasculature in melanoma is hypoxic in comparison to the oxygen pressure
in other organs, thus, the expression of HIF-1-α is stabilized. In normoxic cells, HIF-1-
α is degraded as it is stabilized by PTEN and conjugated to ubiquitin for proteasomal
degradation. In hypoxic cells, where PTEN is inactive, HIF-1-α enters the nucleus and
forms a dimer with HIF-1-β, thereby forming a transcription factor. The HIF-1-α/HIF-1-β
heterodimer and the co-activator CBP/p300 subsequently bind to the hypoxia response
element (HRE) on various genes, including VEGF mRNA, resulting in increased VEGF
levels [15,69]. The enhanced expression of VEGF leads to increased angiogenesis either
through the recruitment of endothelial progenitor cells from bone marrow cells to the tumor
vasculature or through autocrine loops in the tumor cell where VEGF binds to VEGFR-1
or VEGFR-2 on tumor cells [70], resulting in the expression of downstream proteins that
enhance the survival, proliferation, and vascular permeability of the tumor [71].

7. Phytochemicals That Display Anti-Angiogenic Activity through the Upregulation of
PTEN Activity

Epigenetic modifications such as methylation and acetylation, as well as microRNAs
such as microRNA 21 (miR21), inactivate the PTEN gene, however, phytochemicals such as
red raspberry extract, resveratrol, curcumin, sulforaphane, and genistein have displayed
demethylating effects, resulting in the upregulation of PTEN activity and the subsequent
downregulation of the PI3K/Akt pathway and angiogenesis. Red raspberry extract en-
hanced PTEN activity through demethylating the PTEN gene promoter and inhibiting
DNA methyltransferase-1 (DNMT1) expression, thus decreasing Akt activation in hepa-
tocellular carcinoma cells [72]. Resveratrol, combined with Vitamin D3, was effective in
the demethylation of the PTEN promoter, downregulating DNMT in the breast cancer cell
line (MCF-7) [73]. Difluorinated curcumin, an analogue of curcumin isolated from Curcuma
longa L., displayed antiproliferative activity against 5-fluorouracil (5-FU) + Oxaliplatin-
resistant colon cancer cells, downregulated miR21 in chemo-resistant colon cancer (HCT116
and HT-29) cells, and restored PTEN function [74]. Furthermore, indole-3-carbinol, isolated
from cruciferous vegetables such as broccoli and Brussels sprouts, at 200 µM displayed a 2-
fold increase in the PTEN protein levels of G361 melanoma cells, whereas a 10-fold increase
in PTEN protein levels was detected in SKMEL-30 melanoma cells [28]. Thymoquinone,
isolated from Nigella sativa L., at 50 µM upregulated PTEN mRNA in doxorubicin-resistant
breast cancer (MCF-7/DOX) cells by 7.9-fold after 24 h [75]. Thus, it can be hypothesized
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that, through the restoration of PTEN activity, HIF-1-α will be ubiquitylated by PTEN and
undergo proteasomal degradation, resulting in decreased angiogenesis (Table 3).

Table 3. Phytochemicals that display anti-angiogenic activity through the upregulation of PTEN activity.

Phytochemical Source Mechanism References

Red raspberry extract Rubus idaeus L. (red raspberry)

Red raspberry extract enhanced PTEN
activity through demethylating the PTEN

promoter and inhibiting DNA
methyltransferase-1 (DNMT-1) expression,

thus, decreasing Akt activation in
hepatocellular carcinoma (HepG2)

[72]

Resveratrol Grapes, apples, blueberries,
plums and peanuts

Resveratrol in combination with Vitamin D3
demethylated the PTEN promoter and

downregulated DNMT in breast cancer cells
(MCF-7)

[73]

Curcumin Curcuma longa L. (turmeric)

An analogue of curcumin (difluorinated
curcumin) displayed antiproliferative
activity against 5-fluorouracil (5-FU) +
oxaliplatin resistant colon cancer cells,

downregulated miR21 in chemo-resistant
colon cancer (HCT116 and HT-29) cells, and

restored PTEN function

[74]

Sulforaphane

Cruciferous vegetables such as
kale (Brassica oleracea L. var.

acephala), cauliflower (B. oleracea
var Botrytis L.), cabbage (B.
oleracea L. var capitata), and

broccoli (B. oleracea var. italica)

Demethylated the PTEN promoter, thereby
inhibiting the PI3K/Akt pathway and

angiogenesis
[76,77]

Genistein Soybeans, legumes, broccoli,
cauliflower and sunflowers

At 1 µM, genistein upregulated PTEN
expression by 1.2-fold in the metastastic

breast cancer cell (Hs578t)
[78–80]

Indole-3-carbinol

Cruciferous vegetables such as
Kale (Brassica oleracea L. var.

acephala), cauliflower (B. oleracea
var botrytis L.), cabbage (B.
oleracea L. var capitata), and

broccoli (B. oleracea var. italica)

At 200 µM, indole-3-carbinol displayed a
2-fold and 10-fold increase in PTEN protein
levels of G361 and SKMEL30 melanoma cells,

respectively

[28]

Thymoquinone Nigella sativa L. (black cumin)
At 50 µM, thymoquinone upregulated PTEN
mRNA levels in doxorubicin resistant breast
cancer (MCF-7/DOX) by 7.9-fold after 24 h

[75]

8. Enhancing the Efficacy of Phytochemicals Used to Upregulate PTEN Activity
Using Nanocarriers

Phytochemicals derived from plants such as resveratrol, curcumin, genistein and
sulforaphane have immense pharmacological properties that have been explored for the
treatment of various diseases, particularly cancer [81–84]. Although the use of phyto-
chemicals for the treatment of cancer has grown in popularity, the low bioavailability and
solubility of most phytochemicals limit their clinical use [85]. To overcome these obsta-
cles, nanocarrier formulations could be used [86]. The isolation of paclitaxel from Taxus
brevifolia Nutt. (Pacific yew) or Taxus baccata L. (English yew) for the treatment of cancer
was one of the most important isolated phytochemicals. Taxol (commercial formulation)
was approved by the FDA in 1992 for the treatment of ovarian cancer but is now used
for the treatment of other cancers as well [87]. Paclitaxel displays limitations such as low
water solubility, thus, encapsulation of paclitaxel in lipid-based nanocarriers enhances the
solubility and efficacy of paclitaxel against various cancers, such as ovarian, metastatic
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breast, and non-small cell lung cancer [88]. Furthermore, the efficacy of thymoquinone is
limited in vivo due to poor biological stability, a short half-life, hydrophobicity and low
bioavailability [89]. To enhance the efficacy of thymoquinone in vivo, various nanocarrier
formulations have been developed using inorganic and organic materials [89]. Notably,
thymoquinone liposomes (TQ-LP) and free thymoquinone (TQ) displayed antiproliferative
activity against two human metastatic breast cancer cell lines (T-47D and MCF-7). TQ-LP
displayed a 50% effective dose (ED50) of 75 µM and 200 µM, respectively, whereas the ED50
values of TQ were 15 µM and 40 µM, respectively, against the two breast cancer cell lines.
The TQ-LP displayed an ED50 of 350 µM on periodontal ligament fibroblasts (normal cells),
whereas the TQ displayed an ED50 of 85 µM [90]. There are no reports of nanocarriers
encapsulated/conjugated with thymoquinone displaying upregulation of PTEN activity
(Table 4). Furthermore, nanocarriers for the delivery of drugs have gained traction, thus,
the FDA has approved several nanocarrier formulations that have been shown to be more
effective than traditional chemotherapeutics with fewer off-target effects (Table 5).

Table 4. Enhancing the efficacy of phytochemicals used to upregulate PTEN activity using nanocarriers.

Phytochemical Source Limitation/s Nanocarrier
Formulation Mechanism Reference

Paclitaxel

Taxus brevifolia
Nutt (Pacific Yew)
and Taxus baccata L.

(English Yew)

Low water
solubility

Lipid-based
nanocarrier

The encapsulation of
paclitaxel in lipid-based
nanocarriers enhanced

solubility and efficacy of
paclitaxel against

various cancers such as
ovarian, metastatic

breast, and non-small
cell lung cancer

[88]

Thymoquinone Nigella sativa L.
(Black cumin)

Poor biological
stability, short

half-life,
hydrophobicity,

and low
bioavailability

Liposomes

The encapsulation of
thymoquinone in

liposomes enhanced
biological stability,

increased the half-life,
decreased

hydrophobicity and
enhanced bioavailability.

Thymoquinone
liposomes (TQ-LP)

displayed an ED50 of
350 µM on periodontal

ligament fibroblasts
(normal cells) whereas

free thymoquinone
displayed an ED50 of 85

µM, thus, TQ-LP
displayed a lower

antiproliferative effect
on normal cells, which is

favorable

[90]
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Table 5. Nanocarrier formulations approved by the FDA.

Nanocarrier Drugs Name Indications Side Effects Compared
to Free Drug

FDA Approval
Date References

Nanoparticle
Albumin-
Paclitaxel

(nab-paclitaxel)
Abraxane Metastatic

breast cancer

The absence of
cremophor in the

paclitaxel formulation
results in decreased

neutropenia and rapid
improvement of

peripheral neutropathy
with

albumin-paclitaxel.

2005 [91–93]

Pegylated
liposome Doxorubicin Doxil

Ovarian,
metastatic

breast cancer,
Kaposi

sarcoma

Doxil also displayed
increased cardiac
safety, less nausea,

vomiting and
neutropenia but the

main dose limiting side
effect of Doxil is

hand-foot syndrome,
which leads to

tenderness and peeling
of the skin. This side
effect limits the dose

that can be given
compared with

doxorubicin.

1995 [91,94,95]

Liposome Doxorubicin Myocet Breast cancer

Myocet displayed
improved cardiac
safety, less nausea,

vomiting and
neutropenia.

Furthermore, Myocet
does not cause

hand-foot syndrome
and may be used at the

same dosing as
doxorubicin in

treatment regimens,
enhancing efficacy.

2000 [91,95,96]

Liposome Vincristine Marqibo

Philadelphia
chromosome-

negative
lymphoblas-
tic leukemia

The main adverse
effect of vincristine is
neurotoxicity, which
could be detected at

lower doses of
administration of

vincristine resulting in
the capping of the dose

for vincristine to
1.4–2 mg/m2. The

dose for Marqibo was
not capped and more
vincristine could be

delivered with a
similar toxicity profile

to vincristine at low
doses.

2012 [91,97,98]
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Table 5. Cont.

Nanocarrier Drugs Name Indications Side Effects Compared
to Free Drug

FDA Approval
Date References

Liposome Cytarabine Depocyt
Lymphomatous

malignant
meningitis

Arachnoiditis,
neurotoxicity,

cardiotoxicity, fever,
cerebellar toxicity,

corneal toxicity,
hepato-renal
insufficiency,
necrotizing

enterocolitis,
pancreatitis, acute

respiratory distress,
and dermatological

side effects.

1999 [99,100]

Liposome Irinotecan Onivyde Pancreatic
cancer

Diarrhea, nausea,
vomiting, neutropenia,
and febrile neutropenia

2015 [100,101]

Pegylated
conjugate L-Asparaginase Oncaspar

Acute lym-
phoblastic
leukemia

Venous
thromboembolism,
pancreatitis, and
hyperglycemia

2006 [100,102]

Recombinant
DNA

derived
cytotoxic
protein

Denileukin
diftitox Ontak

Cutaneous T
cell

lymphoma

Acute hypersensitivity
reactions, asthenia.

Nausea, vomiting and
dehydration

1999 [100,103]

Polymeric
nanoparti-

cles

Leuprolide
acetate Eligard

Advanced
prostate
cancer

Hot flushes, fatigue
testicular atrophy,

dizziness,
gynecomastia, and

nausea

2002 [100,104,105]

Trastuzumab
covalently
linked to

DM1 via the
stable

thioether
linker MCC

DM1 Kadcyla HER2+
breast cancer

Nausea, fatigue,
thrombocytopenia,

headache, constipation,
diarrhea, epistaxis

2013 [100]

9. Discussion

Human malignant melanoma (HMM) is the most lethal form of skin cancer, and sev-
eral therapeutics have been developed, such as the chemotherapeutic agent Dacarbazine,
which was approved by the FDA in 1974 for HMM [95]. In addition to chemothera-
peutics, therapeutics that target the different hallmarks of cancer, such as angiogenesis,
which is a key driver of HMM, have been explored [96]. The inhibition of VEGF (the
main pro-angiogenic factor of melanoma) was identified as an alternative approach for
the treatment of HMM, and several anti-angiogenic drugs have been approved by the
FDA for the treatment of various solid cancers (Table 2). However, no anti-angiogenic
drugs have been approved for HMM [29]. Several clinical trials have been conducted with
Bevacizumab (a monoclonal antibody that inhibits VEGF) as a monotherapy, and in one
trial, the median overall survival was 9 months, however the combination of Bevacizumab
and an immune checkpoint inhibitor (ipilimumab) displayed an overall survival rate of
25.1 months, highlighting the efficacy of combination therapies for melanoma in compar-
ison to monotherapies [96,97]. Furthermore, 70% of patients with melanoma displayed
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mutations in genes in key signaling pathways such as PTEN, which leads to the hyperac-
tivation of the PI3K/Akt/mTOR pathway [95]. Several inhibitors have been developed
for the inhibition of the PI3K/Akt/mTOR pathway, however the upregulation of PTEN
activity is being explored as an alternative approach that may also aid in the inhibition of
angiogenesis. For the treatment of ovarian cancer, this phenomenon was investigated in an
in vitro study, where the polyphenol gallic acid at 40 µM inhibited VEGF in A2780/CP70
and OVCAR-3 cells by 24.05 and 27.12%, respectively [98]. Furthermore, gallic acid at
20 µM downregulated HIF-1-α activity to 23.48% [98]. To confirm that the inhibition of
VEGF was due to the downregulation of HIF-1-α, a VEGF promoter reporter and HIF-1-α
plasmids were transfected into OVCAR-3 cells, and the inhibition of VEGF was reversed
due to the constitutive expression of HIF-1-α, confirming that angiogenesis in ovarian
cancer cell lines is dependent on the expression of HIF-1-α [98]. This study also highlighted
the upregulation of PTEN activity and it was hypothesized that the upregulation of PTEN
resulted in the inhibition of HIF-1-α [98]. Furthermore, Isoliquiritigenin (ISL) isolated
from the roots of Glycyrrhiza uralensis significantly inhibited VEGF-induced tube formation
and sprout formation (chick aortic ring model) after 48 h at 20 µM [106,107]. Wang et al.
also displayed that ISL inhibited HIF-1-α protein expression dose-dependently in breast
cancer cells (MDA-MB-231), thus validating the anti-angiogenic effects [107]. Peng et al.
further displayed through quantitative polymerase chain reaction (qPCR) the inhibition
of microRNA-374a (miR-374a) messenger RNA (mRNA) by ISL dose-dependently and
upregulation of PTEN mRNA 15-fold in breast cancer cells (MCF-7 and MDA-MB-231) after
24 h [108]. Thus, the inhibition of HIF-1-α and subsequent downregulation of angiogenesis
could be linked to the upregulation of PTEN activity. Li et al. displayed, through western
blotting, the significant dose-dependent reduction of HIF-1-α and VEGF by triptolide
(isolated from Tripterygium wilfordii) in osteosarcoma cells (MG-63) [106,109]. In another
study, Li et al. displayed the downregulation of microRNA-21 (miR-21) in non-small cell
lung cancer cells (NSCLC, PC-9) by triptolide at 25 and 50 nM [110]. Through western
blotting, PC-9 cells pre-treated with 25 and 50 nM triptolide enhanced PTEN protein ex-
pression [110]. Thus, highlighting the hypothesized link between PTEN and angiogenesis,
both studies highlighted the inhibition of HIF-1-α and VEGF and the upregulation of PTEN
protein expression. In another study, Wang et al., displayed, through western blotting,
the inhibition of HIF-1-α protein expression in U87 gliomas and inhibition of VEGF at
40 mg/kg by baicalein isolated from the roots of Scutellaria baicalensis [106,111]. Baicalein
enhanced PTEN expression in NSCLCs (A549 and H460) at 40 and 80 µmol/L through
western blotting [112]. Celastrol isolated from Tripterygium wilfordii at 0.75 to 2 µg/mL
inhibited the migration of endothelial cells (EA.hy926) with an IC50 of 1.35 µg/mL, thus,
Celastrol inhibited the hypoxia-induced migration of endothelial cells [106,113]. In hepato-
cellular carcinoma (HepG2) cells, Celastrol at 2 and 4 µg/mL inhibited nuclear HIF-1-α
protein expression through western blotting and Celastrol also inhibited HIF-1-α mRNA
dose-dependently in HepG2 and A549 cells [113]. Huang et al. further investigated the
effect of Celastrol on VEGF mRNA through real-time polymerase chain reaction (RT-PCR),
and Celastrol dose-dependently inhibited VEGF mRNA expression [113]. Zhu et al. dis-
played enhanced PTEN expression dose-dependently by Celastrol in cholangiocarcinoma
cells (TFK-1) [114]. The upregulation of PTEN activity in HMM using phytochemicals that
target factors that downregulate PTEN activity has been extensively highlighted, however
no studies have highlighted the inhibition of angiogenesis through the upregulation of
PTEN activity and inhibition of HIF-1-α in HMM. This study also highlights a gap in
research in terms of anti-angiogenic therapeutics due to the development of resistance.
The two key signaling pathways (MAPK and PI3K pathways) that largely account for
melanoma tumorigenesis are regulated by PTEN [98]. PTEN’s lipid phosphatase activity
regulates the PI3K pathway, and PTEN’s protein phosphatase activity regulates the MAPK
pathway through the dephosphorylation of focal adhesion kinase (FAK), thereby inhibit-
ing angiogenesis [99]. This highlights the need for further research and development of
therapeutics that upregulate PTEN activity and inhibit angiogenesis [99]. Furthermore,
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several phytochemicals have been shown to upregulate PTEN activity, however due to
their low solubility, stability, bioavailability and target specificity, their use in the treatment
regimen for cancer is limited [100]. Thus, nanocarrier formulations have proven to increase
the solubility and stability, reduce premature degradation, and increase the circulation
time of some phytochemicals in the body [100]. The use of chemotherapeutic drugs and
phytochemicals for the treatment of cancer has also largely been impacted by the develop-
ment of resistance, resulting in the need for the administration of higher doses, which may
lead to severe adverse effects similar to vincristine (Table 3) but through the encapsulation
of vincristine in a nanocarrier formulation (Marqibo), the neurotoxicity was comparable
to the neurotoxicity displayed by vincristine at lower doses, thereby showing a decrease
in toxicity. Nanocarrier formulations encapsulated with phytochemicals also displayed
enhanced biological activity, which was evident when the viability of A549 lung cancer cells
was reduced by 60% and 100% by quercetin and quercetin nanomicelles at 100 µM [101].
Furthermore, through the chick chorioallantoic membrane (CAM) assay, epigallocatechin-3-
gallate nanoparticles at 3 µg and epicallocatechin-3-gallate at 35 µg inhibited angiogenesis
by 57% and 35%, respectively, highlighting the increased anti-angiogenic activity displayed
by the nanoformulation of epigallocatechin-3-gallate [102]. These studies emphasize the
improved pharmacokinetic profile, biological activity and limited toxicity of nanocarrier
formulations compared to the free drug. Furthermore, no studies display the upregulation
of PTEN activity using phytochemical nanocarrier formulations for HMM. Thus, more
studies need to be conducted to determine whether phytochemicals such as thymoquinone
(upregulates PTEN activity in melanoma) will display enhanced upregulation of PTEN
activity when encapsulated in nanocarrier formulations.

10. Conclusions

Angiogenesis plays an imperative role in the tumorigenesis of some solid tumors, thus,
several anti-angiogenic drugs have been developed to target tumor angiogenesis. The tar-
geted therapies for angiogenesis often acquire resistance due to other pro-angiogenic factors
present in the tumor microenvironment, and there are several adverse effects when using
anti-angiogenic drugs. Due to the adverse effects, lower doses are prescribed, limiting the
efficacy of the drug. Thus, this review elucidates the link between PTEN and angiogenesis
through HIF-1-α and highlights that instead of directly targeting tumor angiogenesis, the
tumor suppressor, PTEN, could be upregulated using phytochemicals, resulting in the ubiq-
uitylation of HIF-1-α and a reduction in angiogenesis. Furthermore, the pharmacokinetic
profile of phytochemicals can be improved using nanocarrier formulations. The FDA has
approved a few nanocarrier formulations; however, more research needs to be conducted
to elucidate the in vivo toxicities that may arise with some of the nanocarrier formulations.
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aspartate aminotransferase; bFGF: basic fibroblast growth factor; BRAF: v-raf murine sarcoma viral
oncogene homolog B1; c-KIT: tyrosine-protein kinase KIT; CSF-1R: colony stimulating factor-1 recep-
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tor; CXCL: chemokines; cys71: cysteine71; cys124: cysteine124; DNA: deoxyribonucleic acid; DNMT:
DNA methyltransferase; ECM: extracellular matrix; ECG QT: electrocardiography QT interval; EGFR:
epidermal growth factor receptor; FDA: Food and Drug Administration; FGFR: fibroblast growth fac-
tor receptor; FLT3: FMS-like tyrosine kinase-3; FSD: free sulfhydryl donors; GSK3: glycogen synthase
kinase-3; HIF: hypoxia inducible growth factor; HIF-1-α: hypoxia inducible growth factor-1-alpha;
HRE: hypoxia response element; IC50: 50% inhibitory concentration; IgG1: immunoglobulinG1; KIT:
tyrosine protein kinase KIT; MET: N-methyl-N’-nitroso-guanidine human osteosarcoma transforming
gene; LMM: lentigo maligna melanoma; mTOR: mechanistic target of rapamycin; miR21/25: mi-
croRNA21/25; miR-374a: microRNA-374a; mRNA: messenger RNA; NEDD4-1: neural precursor
cell expressed developmentally downregulated gene4-1; NHM: normal human melanocytes; NM:
nodular melanoma; NO: nitric oxide; p21cip1: cyclin dependent kinase inhibitor 1; p38 MAP kinase:
p38 mitogen activated protein kinase; p53: tumor protein p53; PCAF: p300/CBP-associated factor;
PDGF: platelet derived growth factor; PDGRFα: platelet-derived growth factor receptor alpha; PDK1:
phosphatidylinositol dependent kinase 1; PI3K: phosphatidylinositol-3-kinase; PIP2: phosphatidyli-
nositol (4,5)-bisphosphate; PIP3: phosphatidylinositol (3,4,5)-triphosphate; PlGF: placental growth
factor; PPAR-γ: peroxisome proliferator activated receptor gamma; PTEN: phosphatase tensin ho-
molog; qPCR: quantitative polymerase chain reaction; RAF: rapidly accelerated fibrosarcoma; RET:
rearranged during transfection tyrosine kinase; RT-PCR: real time polymerase chain reaction; SAM:
S-adenosyl-L-methionine; SNAI1: zinc finger protein; SSM: superficial spreading melanoma; TIE-2:
TEK receptor tyrosine kinase; TSP: thrombospondin; uPA: urokinase; VEGF: vascular endothelial
growth factor; VEGFR: vascular endothelial growth factor receptor.
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